1. Introduction
===============

Coumarins comprise a group of natural phenolic compounds present in a wide variety of higher plants \[[@B1-molecules-18-04419]\]. The coumarins are extremely variable in structure, and till now more than 1,300 structures have been isolated from different natural sources (fruits, vegetables, green tea) and some have been synthesized \[[@B2-molecules-18-04419],[@B3-molecules-18-04419]\]. The total daily human exposure to coumarin (1,2-benzopyrone, the parent compound of coumarin derivatives) from dietary sources together with fragrance use in cosmetic products is reported to be around 0.06 mg/kg/day \[[@B1-molecules-18-04419]\]. Coumarin compounds are also found in a wide spectrum of medicinal plant extracts, and are recognized to possess anti-inflammatory, antiviral, antiallergic, antithrombotic, hepatoprotective, antioxidant, anticarcinogenic activities \[[@B4-molecules-18-04419],[@B5-molecules-18-04419],[@B6-molecules-18-04419]\]. Because of their diverse biological activities and pharmacological properties coumarins have attracted intense interest in recent years.

A 5,8-dihydroxycoumarin (5,8-DHC; [Figure 1](#molecules-18-04419-f001){ref-type="fig"}) was isolated from sweet grass (*Hierochloë odorata* L.) in 2002 and it was shown to possess strong radical scavenging capacity \[[@B7-molecules-18-04419]\]. A few years later 5,8-DHC was determined in the chloroform-soluble fraction of the methanolic extract of the whole plant of *Aerva persica* \[[@B8-molecules-18-04419]\]. Due to the presence of 5,8-DHC and its glycoside the extracts from sweet grass were reported as antioxidants, capable of efficiently inhibiting lipid oxidation \[[@B9-molecules-18-04419],[@B10-molecules-18-04419],[@B11-molecules-18-04419]\]. However, cytotoxic properties of 5,8-DHC were reported as well and it was suggested that 5,8-DHC possesses oxidative stress-type cytotoxicity due to the action of its quinodal oxidation product(s) \[[@B12-molecules-18-04419]\].

![Chemical structure of 5,8-dihydroxycoumarin.](molecules-18-04419-g001){#molecules-18-04419-f001}

There is a large body of literature on the toxic, cytotoxic, and carcinogenic potential of coumarin and its derivatives, as well as their protective effects. The most significant hazard of coumarin appears to be liver toxicity, which was demonstrated in mice, rats, dogs, baboons and humans \[[@B13-molecules-18-04419]\] and references therein\]. Several studies were conducted to evaluate the genotoxic potential of coumarin, and in general, the available data suggests that coumarin is not a genotoxic agent, at least *in vivo* \[[@B14-molecules-18-04419]\], though a positive effect of coumarin was observed at high doses in bacterial mutation assays or some *in vitro* mammalian tests \[[@B15-molecules-18-04419]\].

It should be noted that the biological activity of coumarins depends upon the various types of substitutions in their basic structure. Unsubstituted coumarins appear to be toxic because of their oxidative decarboxylation, while 4-methylcoumarins are resistant towards oxidative decarboxylation and hence are non-toxic \[[@B1-molecules-18-04419]\]. Coumarins having hydroxyl groups have a more potent protective effect compared to the methoxy-substituted derivatives, and the radical scavenging effects of coumarins are correlated with the number of hydroxyl groups \[[@B3-molecules-18-04419],[@B16-molecules-18-04419],[@B17-molecules-18-04419]\].

Thus, the objective of the present study was to evaluate the biological activity (antioxidant and genotoxic) of the 5,8-DHC, which was not properly tested until now. Antioxidant activity of 5,8-DHC was evaluated by measuring radical scavenging capacity (DPPH^•^ and ABTS^•+^assays), the ability to reduce ferric ion to ferrous ion (FRAP test), total phenols content (TPC test) and rapeseed oil oxidation (Oxipress test). For genotoxicity studies, different genetic end-points were assayed: chromosome aberrations (CAs) and micronuclei (MN) in rat bone marrow *in vivo*, CAs and sister chromatid exchanges (SCEs) in human lymphocytes *in vitro*, and somatic mutations and recombination in *Drosophila melanogaster* wing cells (SMART) *in vivo.*

2. Results and Discussion
=========================

2.1. Antioxidant Properties of 5,8-Dihydroxycoumarin
----------------------------------------------------

There are many *in vitro* methods for assessing radical scavenging capacity (RSC) and antioxidant potential of plant origin substances \[[@B18-molecules-18-04419]\]. The RSC measurements in DPPH^•^ and ABTS^•+^ assays, the ability to reduce ferric ion to the ferrous ion (FRAP assay) and total phenols content (TPC) measured by Folin-Ciocalteu reagent are easy, rapid and sensitive methods and therefore the most frequently applied for the preliminary assessment of antioxidant potential of various natural substances.

In our study, a clear linear dependency of radical scavenging capacity for 5,8-DHC in DPPH^•^ and ABTS^•+^ assays was determined ([Figure 2](#molecules-18-04419-f002){ref-type="fig"}). Although the basic principles of these reactions are similar, the ABTS^•+^ scavenging assay is preferable for its ability to evaluate RSC of both lipophilic and hydrophilic antioxidants, and the IC~50~ value of 5,8-DHC in DPPH^•^ assay was 0.0185%, while in the ABTS^•+^ reaction it was remarkably higher, 0.028%.

![Effect of 5,8-dihydroxycoumarin concentration on radical scavenging capacity. (**a**) ABTS^•+^ assay. (**b**) DPPH^•^ assay.](molecules-18-04419-g002){#molecules-18-04419-f002}

The Folin-Ciocalteu method is widely used for the TPC assay, although the standard reagent used in this method measures a sample's reducing capacity \[[@B18-molecules-18-04419]\]. The value measured for 5,8-DHC which is equivalent to the content of total phenols was 581.0 ± 0.0 mg gallic acid equivalents (GAE) in 1 g. This result indicated that 5,8-DHC preparation possessed lower reducing capacity in this reaction as compared with very strong antioxidant gallic acid.

In the FRAP assay, the antioxidant activity is evaluated on the basis of the ability to reduce ferric (III) iron to ferrous (II) iron: a ferric salt (Fe III) is used as an antioxidant and its redox potential (0.70 V) is comparable to that of ABTS^•+^ (0.68 V); therefore, there is not much difference between Trolox-equivalent antioxidant capacity (TEAC) assay and FRAP assay results \[[@B18-molecules-18-04419]\]. The obtained value for 5,8-DHC was 577 ± 0.0 mg/g in Trolox equivalents and it was almost similar to the value obtained with the Folin-Ciocalteu reagent.

Rapeseed oil contains high percentage of polyunsaturated fatty acids and therefore is very sensitive to auto- and photooxidation. Autooxidation proceeds via radical formation chain reaction, the compounds able to transfer electron and/or hydrogen may retard the process of lipid oxidation. The Oxipress method, which was used to evaluate the antioxidant activity of 5,8-DHC in our study, is a very convenient procedure as it is performed without using any chemicals. The change of oxygen pressure in the reaction vessel at the end of the induction period indicating rapid formation of hydroperoxides can be quite precisely measured. 5,8-DHC was very efficient in rapeseed oil ([Figure 3](#molecules-18-04419-f003){ref-type="fig"}), autooxidation induction period (IP) increased by increasing 5,8-DHC concentration in the oil from 0.025 to 0.1%. Thus, the protection factor of rapeseed, which is achieved by adding 0.025, 0.05 and 0.1% 5,8-DHC, was 1.69, 2.43 and 3.73, respectively.

![Effect of 5,8-DHC concentration on rapeseed oil autooxidation induction period (IP).](molecules-18-04419-g003){#molecules-18-04419-f003}

2.2. Genotoxic Potential of 5,8-Dihydroxycoumarin
-------------------------------------------------

In the present study, 5,8-DHC was shown to possess strong radical scavenging properties and antioxidant activity. However, it has been demonstrated previously that 5,8-DHC and other polyphenols possess the oxidative stress-type cytotoxic effects due to the polyphenol autoxidation in cell growth media with the production of extracellular H~2~O~2~ \[[@B12-molecules-18-04419],[@B19-molecules-18-04419]\], intracellular generation of reactive oxygen species \[[@B20-molecules-18-04419]\], and depletion of intracellular reduced glutathione \[[@B12-molecules-18-04419],[@B21-molecules-18-04419],[@B22-molecules-18-04419]\]. Some of these processes are known to contribute to genotoxicity of polyphenols \[[@B23-molecules-18-04419],[@B24-molecules-18-04419]\]. Thus, the next objective of the present study was to evaluate genotoxic activity of the 5,8-DHC, which was not tested until now.

### 2.2.1. Induction of Chromosome Aberrations and Micronuclei in Rat Bone Marrow Cells *in Vivo*

The results of the CA and MN assays in rats are presented in [Table 1](#molecules-18-04419-t001){ref-type="table"}. Frequency of aberrant metaphases in blank controls was within the usual range of 1.4--2.0% previously reported in the literature for Wistar male rats \[[@B25-molecules-18-04419],[@B26-molecules-18-04419],[@B27-molecules-18-04419]\]. As expected, animals treated with CP showed a high frequency of abnormal metaphases (21.83 ± 3.25%) , which was comparable with the frequency of 16--21% determined by other authors in rats treated with a single 30--40 mg/kg dose of CP \[[@B25-molecules-18-04419],[@B27-molecules-18-04419],[@B28-molecules-18-04419]\]. The most frequent CAs observed were chromatid breaks and chromatid exchanges (data not shown). In our study, frequency of micronucleated polychromatic erythrocytes (MNPCES) in control animals was lower when compared with the literature data where MNPCE frequencies in the range from 0.33 to 1.5 were reported \[[@B27-molecules-18-04419],[@B29-molecules-18-04419]\]. However, it should be noted that in CP-treated animals we determined an increase of MNPCEs which was proportional to that reported in other studies \[[@B27-molecules-18-04419],[@B29-molecules-18-04419],[@B30-molecules-18-04419]\]. No increase of CAs was determined in animals treated with 5,8-DHC when compared with the vehicle controls. Repeated gavage of rats with 5,8-DHC also had no obvious effect on the frequency of MNPCEs. However, single i.p. injection of animals with 20 mg/kg b.w. of 5,8-DHC resulted in significant increase of MNPCEs when compared with the vehicle controls (0.63 *vs.* 0.38, *p* = 0.001 and 0.59 *vs.* 0.25, *p* = 0.03, in rats sacrificed 24 h and 48 h after dose exposure, respectively). It should be mentioned that vehicle itself as applied intraperitoneally significantly increased frequency of MNPCEs when compared with the blank (untreated) controls. There were no signs of 5,8-DHC cytotoxicity (*i.e.*, no decline of the proportion of PCEs to total erythrocytes). However, sluggishness was observed in all rats receiving 20 mg/kg b.w. of 5,8-DHC at 2--3 h after dose administration and in rats receiving repeated treatment with 10 mg/kg b.w. dose since second dose administration, indicating systemic toxicity of the compound. It should be noted, that in our study i.p injection with 100 mg/kg 5,8-DHC caused sluggishness and death of all treated animals during 3--4 h after administration. This observation prompted us to select the highest dose for the main study as 20 mg/kg b.w., which produced signs of sluggishness, but no deaths.
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###### 

Induction of chromosome aberrations and micronucleated polychromatic erythrocytes (MNPCE) in Wistar rat bone marrow cells after treatment with 5,8-dihydroxycoumarin (5,8-DHC).

  ---------------------------------------------------------------------------------------------------------------------------------------------------
  Treatment group                    Sacrifice time (h)   Dose (mg/kg b.w.)   Aberrant metaphases (%± S.E.M.)   MNPCE (%± S.E.M.)   PCE (%± S.E.M.)
  ---------------------------------- -------------------- ------------------- --------------------------------- ------------------- -----------------
  Blank control                      24                   0                   1.50 ± 0.27                       0.21 ± 0.04         36.4 ± 5.5

  Single intraperitoneal treatment                                                                                                  

  CP\                                24                   30                  21.83 ± 3.25 ^a^                  1.67 ± 0.22 ^a^     34.8 ± 6.4
  (positive control)                                                                                                                

  Vehicle                            24                                       1.33 ± 0.21                       0.38 ± 0.04         30.1 ± 3.4

  48                                                      2.00 ± 0.36         0.25 ± 0.03                       36.0 ± 4.4          

  5,8-DHC                            24                   10                  2.33 ± 0.49                       0.56 ± 0.08 ^a^     32.1 ± 1.9

  48                                 10                   1.67 ± 0.56         0.30 ± 0.06                       31.8 ± 5.6          

  24                                 20                   1.00 ± 0.36         0.63 ± 0.04 ^a^                   36.6 ± 2.8          

  48                                 20                   2.60 ± 0.68         0.59 ± 0.14^a^                    26.6 ± 5.0          

  Repeated treatment *via* gavage                                                                                                   

  Vehicle                            48                                       1.67 ± 0.21                       0.24 ± 0.04         48.8 ± 5.1

  5,8-DHC                            48                   3 × 10              1.17 ± 0.17                       0.24 ± 0.05         31.7 ± 4.0

  48                                 3 × 20               2.43 ± 0.37         0.23 ± 0.05                       45.5 ± 3.5          
  ---------------------------------------------------------------------------------------------------------------------------------------------------

^a^ *p* \< 0.05 when compared with the vehicle controls.

Numerous previous studies have indicated that coumarin and its derivatives are not genotoxic *in vivo* and do not interact directly with DNA in target organs \[[@B31-molecules-18-04419]\]. Indeed, no induction of MN in mice after coumarin treatment in a dose range of 50--200 mg/kg was observed \[[@B14-molecules-18-04419],[@B15-molecules-18-04419],[@B32-molecules-18-04419]\]. In addition, negative results were reported in an unscheduled DNA synthesis (UDS) test in rats. Edwards *et al.* \[[@B33-molecules-18-04419]\] demonstrated that after oral administration at doses up to the maximum tolerated dose of 320 mg/kg bw, coumarin does not induce UDS in male rat hepatocytes. Moreover, no adduct formation was found in rats after coumarin treatment \[[@B13-molecules-18-04419],[@B34-molecules-18-04419]\], and the antigenotoxic potential of coumarin, probably due to its antioxidant potential, was demonstrated against 7,12-dimethylbenz(a)anthracene-induced DNA damage in the bone marrow cells of golden Syrian hamsters \[[@B35-molecules-18-04419]\].

In line to these observations, our data show no increase of CAs in rats treated with 5,8-DHC. However, single i.p. injection of rats with 20 mg/kg b.w. of 5,8-DHC significantly increased the frequency of MNPCEs, which could be probably attributed to the aneugenic effect of 5,8-DHC, since no CAs were induced at the same dose. This proposition is substantiated by the finding of other researches, who demonstrated that coumarin and its derivatives, such as 7-hydroxycoumarin and 4-hydroxycoumarin inhibit mitosis by modifying microtubule dynamics, thus leading to the random distribution of chromosomes at metaphase \[[@B36-molecules-18-04419],[@B37-molecules-18-04419]\]. Future studies distinguishing between micronuclei originating from whole chromosomes (reflect aneugenic effect) and those resulting from acentric fragment (reflect clastogenic effect) should be performed to better elucidate the mode of action of 5,8-DHC.

### 2.2.2. Induction of Chromosome Aberrations and SCEs in Human Lymphocytes *in Vitro*

In human lymphocytes *in vitro*, 5,8-DHC induced both SCEs and CAs in a dose-dependent manner ([Table 2](#molecules-18-04419-t002){ref-type="table"}). Since there were no statistically significant differences in the number of 5,8-DHC induced CA frequency between two donors (data not shown), results from two experiments were pooled. Statistically significant increase of CAs was determined after treatment with the highest concentrations of 5,8-DHC (40 μg/mL) only. Dose-response relationship for CAs was clearly linear (R^2^ = 0.81, F = 25.04, *p* = 0.0024). The prevalent type of induced aberrations was chromatid breaks.
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###### 

Effects of 5,8-dihydroxycoumarin (5,8-DHC) on the frequency of chromosome aberrations (CAs), sister chromatid exchanges (SCEs) and replication index (RI) values in human lymphocyte cultures *in vitro.*

  Treatment   Concentration (µg/mL)   CA per 100 cells ^a^ (±S.E.M.)   Donor A           Donor B                             
  ----------- ----------------------- -------------------------------- ----------------- ----------------- ----------------- -----------------
  Blank                               1.5 ± 0.9                        9.9 ± 0.5         2.72 ± 0.04       8.7 ± 0.4         2.45 ± 0.05
  Ethanol     7.5 µL/mL               3.0 ± 1.2                        10.6 ± 0.4        2.76 ± 0.04       9.5 ± 0.5         2.46 ± 0.05
  MMS         0.02 µL/mL              12.0 ± 3.2 ^b^                   31.7 ± 1.2 ^b^    2.21 ± 0.05 ^b^   46.7 ± 1.9 ^b^    2.10 ± 0.06 ^b^
  5,8-DHC     10                      1.5 ± 0.9                        10.2 ± 0.5        2.70 ± 0.04       10.1 ± 0.5        2.22 ± 0.05 ^b^
  15          3.0 ± 1.2               12.3 ± 0.6 ^b^                   2.74 ± 0.31       10.6 ± 0.5        2.35 ± 0.05       
  20          3.5 ± 1.3               12.7 ± 0.7 ^b^                   2.65 ± 0.04 ^b^   10.3 ± 0.4        2.49 ± 0.05       
  25          6.5 ± 1.7               13.6 ± 0.6 ^b^                   2.66 ± 0.04 ^b^   9.9 ± 0.5         2.31 ± 0.05 ^b^   
  30          7.0 ± 1.8               13.9 ± 0.6 ^b^                   2.55 ± 0.05 ^b^   11.8 ± 0.5 ^b^    2.31 ± 0.06 ^b^   
  35          7.0 ± 1.8               15.0 ± 0.8 ^b^                   2.51 ± 0.05 ^b^   11.5 ± 0.6 ^b^    2.17 ± 0.06 ^b^   
  40          9.5 ± 2.1 ^b^           19.7 ± 1.5 ^b^                   2.62 ± 0.04 ^b^   13.3 ± 0.6 ^b^    2.07 ± 0.06 ^b^   

^a^ Pooled data of two experiments; 200 metaphases scored per each experimental point; ^b^ *p* \< 0.05 as compared to solvent (ethanol) control.

5,8-DHC induced SCEs in lymphocytes of both donors, however, their sensitivity to this compound was different. In the case of donor A, statistically significant increase in the frequency of SCEs was observed at the dose of 5,8-DHC as low as 15 μg/mL, while in the case of donor B statistically significant increase was observed at doses of 30 μg/mL and above. In both cases dose-response relationship was linear (R^2^ \> 0.7), however, regression coefficient for the donor A was 2.6 times higher than for the donor B (1.15 and 0.44, respectively), indicating higher sensitivity of donor A to 5,8-DHC as compared to donor B (*p* = 0.008, Wilcoxon signed rank test). Treatment with 5,8-DHC at concentration higher than 25 μg/mL consistently inhibits cell replicative kinetics in lymphocytes of both donors, that may indicate \[[@B38-molecules-18-04419]\] cytotoxicity at these concentrations.

In summary, only a slight (though significant at the highest concentration) increase of CAs was determined in human lymphocytes treated with 5,8-DHC *in vitro*. 5,8-DHC revealed to be more potent inducer of SCEs. A number of *in vitro* genotoxicity studies have been conducted with coumarin, and both negative and positive responses have been reported. A concentration-dependent increase in coumarin--induced CAs was determined in Chinese hamster ovary (CHO) cells in the presence, but not in the absence of metabolic activation by S9-mix from Aroclor 1254-treated rats at the dose range of 50--1,600 μg/mL. In contrast, induction of SCEs was observed in the absence of metabolic activation, but not with metabolic activation \[[@B39-molecules-18-04419]\]. Sasaki *et al.* \[[@B40-molecules-18-04419],[@B41-molecules-18-04419]\] found no evidence of increase in SCE or chromosome aberration in cultured CHO cells treated with coumarin and umbelliferone (7-hydroxycoumarin) at doses up to 333 μM. In our experiments, we found significant inter-donor variability in the number of 5,8-DHC-induced SCEs, indirectly confirming the importance of metabolism for the genotoxicity of 5,8-DHC.

### 2.2.3. Somatic Mutation and Recombination Test (SMART) in *Drosophila Melanogaster in Vivo*

The pooled data from two independent experiments are reported in [Table 3](#molecules-18-04419-t003){ref-type="table"}. Water controls showed the background frequencies of 15.2--13.7% wings with spots and 0.18--0.15 total spots per wing. These values are within the usuall range from 0.15 to 0.50 previously reported in the literature \[[@B42-molecules-18-04419],[@B43-molecules-18-04419],[@B44-molecules-18-04419]\]. The predominant type of spots in water controls was single spots (0.13 spots per wing), while large single spots and twin spots were rare with the frequency not exceeding 0.03 spots per wing. In the positive controls (treated with 50 μM MMS), 100% wings with spots and 7.15 total spots per wing were induced. MMS induced increase in all categories of spots: small single spots (1.65), large single spots (4.63) and twin spots (0.88). The frequencies of wings with spots, total spots and different categories of spots in ethanol controls did not significantly differ from those in the water controls. No statistically significant difference between concurrent controls and the different concentrations of the test solutions was found after 48 h treatment period. However, after 120 h of treatment, statistically significant increase in the number of wings with spots (at concentrations of 0.25% and 0.5%) and mean number of total spots per wing (at all concentrations of 5,8-DHC tested) were observed. It should be noted that 5,8-DHC induced mainly small single spots (range from 0.20 to 0.23 spots per wing). However, increase, though insignificant, of large single spots (0.10 spots per wing) was observed after treatment with 0.5% 5,8-DHC. No increase of twin spots was found (frequency of twin spots was in the range of 0--0.04 spots per wing).
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###### 

Summary of results in the *Drosophila* wing spot test after the treatment with 5,8-dihydroxycoumarin.

  Concentration of test solution (%)   Exposure duration 48 h   Exposure duration 120 h                                                                 
  ------------------------------------ ------------------------ ------------------------- ------------- ------------- --------------- ----------------- -----------------
  Water                                132                      15.2 ± 3.1                0.18 ± 0.03   95            13.7 ± 3.5      0.15 ± 0.03       
  Ethanol (5%)                         139                      17.3 ± 3.2                0.19 ± 0.03   118           13.6 ± 3.1      0.14 ± 0.03       
  5,8-DHC                              0.1                      97                        26.8 ± 4.5    0.27 ± 0.04   98              22.4 ± 4.2        0.25 ± 0.04 ^a^
  0.25                                 90                       21.1 ± 4.3                0.22 ± 0.04   96            27.1 ± 4.5^a^   0.30 ± 0.04 ^a^   
  0.5                                  96                       25.0 ± 4.4                0.27 ± 0.04   97            28.9 ± 4.6^a^   0.32 ± 0.04 ^a^   

^a^ *p* \< 0.05 as compared to solvent (ethanol) control

Thus, SMART in *D. melanogaster* demonstrated slight genotoxicity of 5,8-DHC after 120 h treatment, and no statistically significant increase in the number of somatic mutations after 48 h treatment. This difference in effect may be explained by more prolonged time of exposure, which can result in higher frequency of spots. The exposure duration of 120 h covered the evolutionary period from fly egg till case-worm. In this case larvae are not only exposed for a more prolonged time, which can result in higher frequency of spots, but treatment starts with younger larvae when compared with the 48 h treatment protocol (exposure starts when larvae are already 72-h-old). A correlation between the time of induction of genetic damage in the somatic cells and the size of the resulting spot is determined, and large spots are observed after treatment of very young larvae \[[@B45-molecules-18-04419],[@B46-molecules-18-04419]\]. In our study we observed increase of large single spots after 120 h treatment. It could be concluded that 5,8-DHC under certain experimental conditions, *i.e.*, more prolonged treatment time, may reveal slight genotoxic avtivity.

3. Experimental
===============

3.1. Isolation of 5,8-Dihydroxycoumarin
---------------------------------------

5,8-DHC was isolated from aerial parts of sweet grass (*Hierochloë odorata* L.). A detailed procedure for 5,8-DHC isolation and its identification were described previously \[[@B7-molecules-18-04419],[@B47-molecules-18-04419]\]. Briefly, dried and ground plant material was extracted with methanol/water/acetic acid (80:20:1) and concentrated in a rotary evaporator. The remaining solution was diluted with ultrapure water and then successively extracted with hexane, *tert*-butyl methyl ether, and finally butanol. The remaining aqueous phase was freeze-dried. The *tert*-butyl methyl ether fraction was loaded on a 50 g silica gel column and eluted with a mixture of hexane/ethyl acetate (1:1). Fractions containing high purity 5,8-DHC were combined, solvents were evaporated in a rotary evaporator and a yellow crystalline material with m.p. of 216 °C has been obtained. The purity of 5,8-DHC based on HPLC-ESI-MS analysis peak area was 93.5%.

3.2. Assessment of Antioxidant Potential
----------------------------------------

### 3.2.1. DPPH^•^ Radical Scavenging Assay

Radical scavenging activity of extracts against stable DPPH^•^ (2,2-diphenyl-2-picrylhydrazyl hydrate, Sigma-Aldrich Chemie, Steinheim, Germany) was determined spectrophotometrically by using slightly modified method of Brand-Williams *et al.* (1995) \[[@B48-molecules-18-04419]\]. 5,8-DHC was dissolved in methanol at 0.0025, 0.005, 0.010 and 0.025% concentrations before reaction. A 2 mL aliquot of DPPH^•^ solution in methanol (6 × 10^−5^ M) was mixed with a 50 μL of 5,8-DHC solution in 1 cm path length quartz cuvette. The decreasing absorbance at 515 nm was recorded on a UV spectrophotometer Spectronic Genesys 8 (Spectronic Instruments, Rochester, NY, USA) during 16 min reaction time at 1 min intervals until the absorbance curve reached the plateau. The same amount of methanol and DPPH^•^ solution was used as a blank. The experiments were carried out in triplicate. The capacity to scavenge the DPPH^•^ is expressed as % inhibition, which was calculated using the following formula: where A~B~ is the absorbance of the blank sample (t = 0) and A~X~ is the absorbance of the reaction solution at t = 16 min. The results were also expressed as an effective concentration IC~50~, which shows the amount of 5,8-DHC required to decrease the initial DPPH^•^ concentration in the reaction mixture by 50%.

### 3.2.2. ABTS^•+^ Radical Cation Decolorization Assay

The experiments were carried out using a slightly modified 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, Sigma-Aldrich Chemie, Steinheim, Germany) decolorization assay \[[@B49-molecules-18-04419]\]. Stock solution of ABTS (2 mM) was prepared by dissolving in 50 mL of phosphate buffered saline (PBS) obtained by dissolving 0.27 g of KH~2~PO~4~ (Jansen Chimica, Beerse, Belgium), 1.42 g of Na~2~HPO~4~, 8.18 g of NaCl, and 0.15 g of KCl (Merck, Darmstadt, Germany) in 1 L of distilled water. The pH was adjusted to 7.4 using NaOH solution. The ABTS^•+^ was produced by reacting 50 mL of ABTS stock solution with 200 μL of K~2~S~2~O~8~ solution. The ABTS^•+^ solution was diluted with PBS before measurements to obtain the absorbance of 0.800 ± 0.030 at 734 nm. 5,8-DHC was dissolved in PBS at the concentrations of 0.0025, 0.005, 0.01, 0.025 and 0.05% before the reaction. A 3 mL aliquot of ABTS^•+^ solution was mixed with 30 μL of 5,8-DHC solution in the 1 cm path length quartz cuvette. The absorbance was read at ambient temperature after 16 min. PBS solution was used as a blank. All determinations were carried out in triplicate. Radical scavenging capacity was expressed as in DPPH^•^ scavenging assay.

### 3.2.3. Evaluation of Total Phenolic Compounds (TPC)

The content of TPC was determined by the Folin--Ciocalteu method \[[@B50-molecules-18-04419]\]. Calibration curve was prepared by using 1 mL reference gallic acid solutions in ethanol (0.025, 0.075, 0.100, 0.175 and 0.350 mg/mL), which were mixed with 5 mL of a standard Folin-Ciocalteu reagent and diluted with distilled water (1:10) and 4 mL of 7.5% sodium carbonate solution in distilled water. The absorption was read after 30 min at 765 nm. The concentration of TPC was expressed in mg of gallic acid equivalents (GAE) per 1 g. The TPC was calculated by the following formula: where C is the concentration of gallic acid, determined form the calibration curve (mg/mL); V is the volume of 5,8-DHC solution (100 mL); m is the weight of 5,8-DHC (g).

### 3.2.4. Ferric Reducing/Antioxidant Power (FRAP) Assay

The ability of antioxidants to reduce ferric ion to the ferrous ion, (FRAP assay) is another indicator frequently used for assessing antioxidant power \[[@B51-molecules-18-04419]\]. Ferrous ion (Fe^2+^) produced in this assay forms a blue complex (Fe^2+^/TPTZ) absorbing at 593 nm. Briefly, the reagent was prepared by mixing acetate buffer (300 mM, pH 3.6), a solution of 10 mM TPTZ in 40 mM HCl, and 20 mM FeCl~3~ × 6H~2~O at 10:1:1 (v/v/v). Firstly 300 μL of freshly prepared FRAP reagent was heated to 37 °C and an absorbance (A~0~) of a blank reagent was read at 593 nm in a Biotek EL808 microplate reader (Winooski, VT, USA). Then 10 μL of 0.01% 5,8-DHC solution in water and 30 μL H~2~O were added and the absorbance (A) was recorded every 1 min during the whole monitoring period which lasted up to 30 min. The change in the absorbance (ΔA~593~ nm) between the final reading and A~0~ was calculated for each sample and related to the ΔA~593~ nm of a Fe^2+^ reference solution which was measured simultaneously*.* The value is expressed in Trolox equivalents required to obtain similar reducing power.

### 3.2.5. Oil Oxidation Measurement in Oxipress Apparatus

The samples were prepared by mixing rapeseed oil with 0.025, 0.05 and 0.1% of DHC. Five g of oil were placed in a reactor tube and thermostated at 120 °C under oxygen atmosphere (5 bars) in Oxipress apparatus (Mikrolab, Aarhus). Pressure changes which occur due to the absorption of oxygen consumed for oil oxidation were recorded. The protection factor (PF) values of rapeseed oil in case of using 5,8-DHC were calculated by the following formula: where IP~X~ is induction period of sample with additive (h); IP~K~ is induction period of sample without additive (h).

3.3. Chromosome Aberration and Micronucleus Assay in Wistar Rat Bone Marrow Cells *In Vivo*
-------------------------------------------------------------------------------------------

In the present study, we evaluated two cytogenetic endpoints, such as CAs and MN, in the same animal. Rats are generally used for CA assessment, and rarely in the MN, mainly because granules from ruptured leukocytes are thought to resemble MN and contaminate bone marrow smears \[[@B52-molecules-18-04419]\]. However, there are several reports on the concurrent analysis of CAs and MN in the same animal \[[@B53-molecules-18-04419],[@B54-molecules-18-04419]\]. This approach has several advantages, first of all, such as reducing overall animal usage and correlating genotoxicity results from different endpoints.

### 3.3.1. Animals and Treatment Schedule

Male albino Wistar rats aged 8--10 weeks and having body weight of 200--220 g, were used in the present study. The animals were supplied by the Animal Facility of the Department of Immunology, State Research Institute Center for Innovative Medicine. Ethical approval was given by the Committee of the Lithuanian Animal Care and Use. Prior to the start of the study, the animals were acclimatized for 7 days. They were housed under conditions of constant temperature, humidity and a light/dark cycle of 12 h/12 h with free access to standard commercial pellet diet and drinking water. The animals were randomly distributed into 11 experimental groups of six rats each.

We used a mixture of dimethylsulfoxide (DMSO) and sunflower oil (1:2) as the vehicle for 5,8-DHC (5,8-DHC was dissolved in DMSO and adjusted to the desired dose with sunflower oil immediately before administration). For the acute treatment, the animals received single intraperitoneal (i.p.) injections of 10 or 20 mg/kg of 5,8-DHC in 1 mL volume per 100 g body weight (b.w.). The negative control group comprised animals, given a single i.p. injection of vehicle (1 mL/100 g b.w.) and the positive control group, given cyclophosphamide (CP, 30 mg/kg adjusted in 0.5 mL/100 g b.w. in sterile physiological saline). A commercial form of cyclophosphamide was used ('Endoxan', ASTA Medica AG, Frankfurt, Germany). Blank controls comprised untreated animals. For the repeated treatment, 5,8-DHC (10 or 20 mg/kg) or vehicle was administered *via gavage* (1 mL/100 g b.w.) once a day for 3 consecutive days. Animals were sacrificed 24 h or 48 h after the last dose administration. Colchicine was applied i.p. at a dose of 2 mg/kg b.w. in 1 mL volume 90 min before sacrifice. Both femurs were dissected from each animal and used to obtain bone marrow preparations for the analysis of chromosome aberrations and micronucleus.

### 3.3.2. Chromosome Aberration *in Vivo* Assay

Bone marrow cells were flushed from the femora with 0.55% potassium chloride hypotonic solution, incubated for 25 min at 37 °C and then centrifuged at 150 × *g* for 8 min. Cells were fixed in methanol-glacial acetic acid (3:1). Slides were prepared by a flame-drying procedure and then stained with 5% Giemsa stain. Slides were coded and scored blind by the single scorer at a magnification of 1500× (Nikon ECLIPSE E200, Tokyo, Japan). Only well-spread metaphases with 42 ± 1 chromosomes were used for the analysis. The frequencies of CAs were estimated in 100 metaphases per animal. Aberrations were recorded as individual types according to J.R. Savage's classification \[[@B55-molecules-18-04419]\] but for convenience were grouped as chromatid breaks (ctb), chromatid exchanges (cte), chromosome breaks (csb) and chromosome exchanges (cse). Gaps were counted but not included into statistical analysis.

### 3.3.3. Micronucleus *in Vivo* Assay

The bone marrow MN assay was conducted according to the standard procedure \[[@B56-molecules-18-04419]\]. Ends of the femura were cut off and the bone marrow was washed out with 2 mL of heat-inactivated foetal calf serum (Biochrom AG, Berlin, Germany), mixed thoroughly to obtain a fine suspension and centrifuged for 5 min at 150 × *g*. The supernatant was discarded and the cell pellet was carefully re-suspended. At least two smears per animal were prepared and allowed to air dry prior to fixation with methanol. The slides were stained in May-Grünwald solution followed by Giemsa (both Merck), coded and scored blind by the same scorer under magnification of 1000× (Jenaval, Zeiss, Jena, Germany). Micronucleated polychromatic erythrocyte (MNPCE) frequencies were based on the observation of 2,000 immature polychromatic erythrocytes (PCEs). Bone marrow toxicity was monitored by a decrease of PCE to total erythrocytes (e.g., PCEs+NCEs, normochromatic erythrocytes). At least 1,000 bone marrow erythrocytes per animal were analysed.

3.4. Cytogenetic Test in Human Lymphocytes *in Vitro*
-----------------------------------------------------

Blood samples were taken from two healthy female volunteers, 46 years old (donor A) and 45 years old (donor B). Whole peripheral blood was grown in HEPES-buffered RPMI 1640 medium supplemented with 12% heat-inactivated newborn calf serum, 7.8 μg/mL phytohemagglutinin P, 50 μg/mL gentamycin, 10 μg/mL 5-bromo-2\'-deoxyuridine. All reagents used for the cell culture were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Cell cultures were incubated at 37 °C for 72 h. Treatment with test compounds was carried out 48 h after culture initiation and lasted for the period of 24 h. Dose range of 5,8-DHC (10 to 40 µg/mL) was based on pilot experiments (data not shown). As whole blood cultures display many properties common with the liver microsomal cytochrome P450 system \[[@B57-molecules-18-04419]\], no external metabolising enzymes were added. 5,8-DHC was dissolved in ethanol and then diluted with RPMI 1640 medium to the desired concentration. Ethanol in a final concentration of 7.5µL/mL was used as a solvent control. Ethanol concentration in the experimental series did not exceed this concentration. Working solutions were made just before treatment. Two parallel cultures were used for each concentration of the compound tested. Two cultures were left untreated and served as a blank control. Methyl methanesulfonate (MMS) in a final concentration of 0.02 μL/mL was used as a positive control. The cultures were exposed to colchicine at a final concentration of 0.6 μg/mL for the last 3 h of incubation. The cells were harvested, hypotonically swollen in 0.075 M KCl and fixed in methanol: acetic acid (3:1). Air-dried slides were differentially stained by fluorescence plus Giemsa technique as has been described previously \[[@B24-molecules-18-04419]\]. Briefly, the slides were stained for 10 min. with 10 μg/mL of Hoechst 33258 dye (dissolved in 0.07 M Soerensen's buffer, pH 6.8). Then the slides were rinsed, mounted with citrate buffer (pH 8.5), covered with cover slips and exposed to UV light (400 W mercury lamp at a distance of 15 cm) for 6--7 min. Slides were then rinsed and stained for 3--4 min. with 5% Giemsa. Cytogenetic analysis was performed on coded slides. No less than 100 first-mitotic division metaphases per culture were analysed for CAs, and no less than 50 second-division metaphases for SCEs.

Cell replicative kinetics were determined by means of a replicative index (RI = \[M~1~ + 2M~2~ + 3M~3~\]/N, where M~1~, M~2~, M~3~ are the numbers of cells that had undergone one, two or three cycles of replication, and N is a total number of cells scored). 300 cells were scored to determine RI

3.5. Somatic Mutation and Recombination Test (SMART) in Drosophila Melanogaster *in Vivo*
-----------------------------------------------------------------------------------------

The basic procedures for the *D. melanogaster* somatic mutation and recombination test (SMART) were performed according to Graf and co-workers \[[@B58-molecules-18-04419],[@B59-molecules-18-04419]\]. Two *D. melanogaster* strains (kindly provided by Dr. H. Frei, Zurich, Switzerland) were used in the present study: virgin females from the strain *ORR/ORR; flr^3^/ In (3LR) TM3, ri p^p^ sep l(3)89Aa bx^34e^ e Bd^S^* were mated with *mwh*/*mwh* males. The ORR strain has chromosomes 1 and 2 from a DDT-resistant Oregon line, which are characterized by constitutively over-expressed *CYP450* genes. The CYP 450 enzymes play the main role in the bioactivation of xenobiotics, as well as natural products including phytochemicals \[[@B60-molecules-18-04419]\]. Thus, the use of this high-bioactivation strain of *D. melanogaster* facilitates the detection of promutagens of numerous classes of compounds. The markers *mwh* (multiple wing hairs) and *flr^3^* (misshapen, flare-like hairs) are recessive wing-hair mutations located on the third chromosome at 0.3 and 38.8 respectively.

Eggs from the crosses were collected over 10 h periods. Progeny were raised on the Instant Drosophila Medium (Sigma Chemical Co., St. Louis, MO, USA) at 25 °C. Two schedules of the larvae treatment were applied. Firstly, the crossed flies were permitted to lay eggs for 10 h in vials containing medium prepared with 5,8-DHC solution. Thus, the exposure duration was about 120 h (*i.e.*, evolutionary period from fly egg till case-worm). According to the second schedule, the 72 ± 5 h-old larvae were exposed to 5,8-DHC by adding test solution to the surface of the medium and were fed on this medium for the rest of their development, during approximately 48 h. 5,8-DHC was dissolved in ethanol and then diluted with distilled water to the desired concentration, with the final ethanol concentration 5% v/v. The solutions were always prepared immediately before use. Solvent controls were included in all treatments. Methyl methanesulfonate was included in the assay as a positive control. Trans-heterozygous (*mwh flr^+^ / mwh^+^ flr^3^*) flies were collected and stored in a 70% ethanol. The wings of adult flies were mounted on glass slides in Faure's solution, coded and scored at 400× magnification (Nikon E200) for the presence of single (*mwh* or *flr^3^* phenotype) or twin (adjacent *mwh* and *flr^3^* clones) spots. The spots were recorded according to standard procedures \[[@B58-molecules-18-04419]\]. No less than 40 wings were analysed per each experimental point. Two repeated experiments were carried out.

3.6. Statistical Analysis
-------------------------

Statistical analyses were performed using InStat V2.02 (GraphPad Software, La Jolla, CA, USA) statistical package. Statistical tests were chosen according to the nature of the data analysed. *X^2^-*test with Yate's correction was used to estimate results of CA in rat bone marrow cells *in vivo* and SMART assays. A one-way analysis of variance (ANOVA) and the Student's two-sided *t-*test was used for the evaluation of SCE and CA in human lymphocytes *in vitro* and MN in rat bone marrow cells *in vivo*, and *z-*test \[[@B38-molecules-18-04419]\] for RI analysis in human lymphocyte cultures. *p* \< 0.05 was considered as the level of significance.

4. Conclusions
==============

In the present study, 5,8-DHC was shown to possess strong radical scavenging properties and antioxidant activity and thus could be considered as a potential antioxidant compound of natural origin. The genotoxicity data show that 5,8-DHC did not increase frequency of CAs in Wistar rat bone marrow cells, but induced a significant increase of MNPCEs. A possible aneugenic effect of 5,8-DHC *in vivo* merits further study. 5,8-DHC was slightly mutagenic in a *Drosophila melanogaster* assay *in vivo* after 120 h of treatment, but not after 48 h of treatment*.* 5,8-DHC induced both CAs and SCEs in human lymphocytes *in vitro* in a clear dose-dependent manner. Inter-donor variability in the number of 5,8-DHC-induced SCEs was observed. Thus, 5,8-DHC may be classified as weakly genotoxic both *in vivo* and *in vitro*.
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*Sample Availability*: Samples of the compound 5,8-dihydroxycoumarin are available from the authors (P.R.V.).
